Abstract This study presents multiple lines of evidence from observations and model simulations that support a key role for ocean dynamics, rather than external forcings, in Atlantic multidecadal variability (AMV) during the last half century. Observed AMV fingerprints considered here include the low-frequency spatiotemporal evolution of sea surface temperature, surface heat fluxes, and deep ocean hydrography. While largely absent in the forced response of a large ensemble historical simulations (LENSs), these fingerprints are clearly discernible in a long control simulation where the variability is purely internal. Further evidence derives from initialized decadal prediction simulations, which exhibit much higher skill at predicting the observed AMV of the past 50 years than LENS. The high correlation between the observed AMV and the externally forced version derived from LENS, which has been invoked as evidence for externally driven AMV, is shown to be largely an artifact of concurrent warming since the 1990s.
Introduction
The basin-scale fluctuation in North Atlantic sea surface temperature (NASST) on multidecadal timescales, referred to as Atlantic multidecadal variability (AMV), has been linked to a variety of impactful climate phenomena such as surface temperature and rainfall changes over the surrounding continents (Folland et al., 1986; Sutton & Dong, 2012; R. Zhang & Delworth, 2006) and Atlantic hurricane activity (Goldenberg et al., 2001 ; R. Zhang & Delworth, 2006) . The driving mechanisms and predictability of AMV are therefore of great interest to the climate research community. Ocean dynamics, in particular changes in Atlantic meridional overturning circulation (AMOC) and associated heat convergence in the subpolar North Atlantic (SPNA), are widely believed to play an essential role in driving AMV (Delworth et al., 1993; Knight et al., 2005; J. Zhang & Zhang, 2015) . However, the importance of active ocean dynamics in explaining AMV is still under debate.
Some recent studies have suggested that AMV could simply result from atmospheric noise driving oceanic mixed layer heat storage anomalies with the assumption of a passive ocean Clement et al., 2015) . This argument is based on analyses of coupled general circulation model (CGCM) simulations with passive (slab) ocean models. This hypothesis runs counter to an extensive body of literature extending back decades that consistently relates simulated AMV to an AMOC precursor (e.g., Delworth et al., 1993) , and it has been rebutted by several recent studies (Delworth et al., 2017; Garuba et al., 2018; O'Reilly et al., 2016; Wills et al., 2018; R. Zhang, 2017; that argue that stochastic atmospheric forcing alone does not offer a mechanistic explanation of AMV that is consistent with that found in more realistic CGCM simulations with active ocean models.
Another controversial hypothesis is that the observed AMV is fundamentally a response to external forcings. CGCM experiments suggest that natural external forcings (i.e., volcanic aerosols and solar irradiance) help to energize and set the phasing of internal low-frequency Atlantic variability (e.g., Otterå et Supporting Information:
• Supporting Information S1
• Data Set S1
• Data Set S2
• Data Set S3 Otto- Bliesner et al., 2016; Swingedouw et al., 2015) . Some studies have gone further to imply that direct radiative forcing associated with anthropogenic aerosols and greenhouse gases was the primary driver of the observed AMV since the late nineteenth century. This hypothesis was first proposed by Booth et al. (2012) , but R. Zhang et al. (2013) called into question the fidelity of their model because the strong response to anthropogenic aerosols resulted in a realistic basin-averaged SST signal, but unrealistic patterns of SST, upper ocean heat content, and salinity, which together constitute the multivariate AMV fingerprints. Nevertheless, this hypothesis has resurfaced recently based on results from other climate models (Bellucci et al., 2017; Bellomo et al., 2018; Murphy et al., 2017) .
Studies contending that AMV is primarily driven by surface heat flux forcing (whether it is stochastic atmospheric forcing or external radiative forcings) rely heavily on limited pieces of evidence (e.g., temporal correlation of basin-averaged SST between the simulated and observed low-frequency NASST) without consideration of other important aspects of the observed AMV, such as the spatiotemporal evolution of NASST and other related fields, for example, surface heat fluxes and three-dimensional ocean hydrography.
Here we extend the arguments of R. Zhang et al. (2013) and present multiple lines of evidence from observations and climate model simulations that underscore the key role of ocean dynamics in driving the AMV during the last half century. Our analysis of AMV in these simulations paints a considerably more nuanced picture of relevant mechanisms than that offered in Bellomo et al. (2018) , who consider the same simulations.
Data
We examine two different ensemble sets of historical simulations as well as an 1,800-year long preindustrial control simulation (piControl), all using the same configuration of the Community Earth System Model (CESM), version 1.1, with a nominal 1°horizontal resolution for all model components. The historical simulations are all subject to the same external forcings (see supporting information for further description of the model and experimental designs). The first ensemble, the CESM large ensemble (LENS; Kay et al., 2015) , is a 43-member set of uninitialized historical simulations, spanning the 1920-2005 period. The second ensemble, the CESM decadal prediction large ensemble (DPLE; Yeager et al., 2018) , is a 40-member set of initialized hindcasts. The DPLE ensembles are initialized on 1 November of every year between 1954 and 2015 with realistic ocean and sea-ice conditions and integrated for 10 years each. The large ensemble sizes of both LENS and DPLE reduce uncertainty in the signal diagnosed from each ensemble (forced response in LENS and forced response plus signal from initialization in DPLE), thus permitting robust assessment of decadal prediction skill enhancement associated with initialization.
The observational data sets used in this study are as follows: the UK Met Office EN4.2 (Good et al., 2013) and hydrography data from Ishii et al. (2006) for ocean temperature and salinity; HadISST (Rayner et al., 2003) and ERSST version 5 (Huang et al., 2017) for SST; and OAFlux (Yu & Weller, 2007) and 20CRv2 (Compo et al., 2011) for surface turbulent fluxes. In the absence of long, continuous observations of AMOC, we utilize an ocean-sea-ice hindcast simulation forced with realistic atmospheric forcing (FOSI) as a benchmark for plausible historical variations in AMOC and related variables ; see supporting information for further information). The temporal coverages of the observational data sets and model simulations differ, but all data sets under consideration cover the 1958-2005 period. Therefore, anomalies defined in this study are relative to the climatology over this period, unless otherwise noted.
Results
High correlations between the observed and simulated NASST have been put forward as the key evidence supporting externally forced AMV (Bellomo et al., 2018; Booth et al., 2012; Murphy et al., 2017) . Figure 1a shows the 20-year low-pass-filtered NASST anomalies from HadISST and the LENS ensemble mean. The 20-year cutoff frequency is chosen to be consistent with Bellomo et al. (2018) for the correlation analysis shown below. The LENS ensemble mean NASST (i.e., the externally forced NASST) indeed shows a multidecadal variability with phasing that matches observations to some degree. However, the amplitude of the forced NASST in LENS is substantially weaker than the observed amplitude-the variance of the LENS is only 20% of the observations after 20-year low-pass filtering. Also, the observed cooling which peaks in the early 1970s is seen about a decade earlier in LENS, and the 1940s-1950s warming (and preceding cooling) is largely absent in LENS.
The close correspondence between simulated and observed NASST that Bellomo et al. (2018) report is primarily attributable to the concurrent warming during the late twentieth century (20C). Consistent with Bellomo et al. (2018) , a high correlation (r > 0.7) is found when the entire period is considered, but the correlation drops to below 0.4 when the post-1990 warming is excluded ( Figure 1c ). Bellomo et al. (2018) removed separate linear trends from observed and simulated NASST ( Figure S1 ), although the former (0.28°C/85 years) is more than twice as large as the latter (0.12°C/85 years). Removing such different trends inflates r substantially ( Figure 1c , gray line) for periods extending through about 2000. Although it is common to remove a linear trend to define internally driven AMV, it is questionable to do so when the influence of external forcings on SST is a primary consideration.
The sharp increase in correlation when the post-1990 anomalies are included, a period of exceptionally rapid heating in the SPNA that has been linked to AMOC spinup (Lohmann et al., 2009; Robson et al., 2012; Yeager et al., 2012) , begs the question of whether LENS simulates the recent NASST warming for the correct physical reasons. Figure 2 shows decadal average NASST anomalies during the transitions from the midcentury warm to cold phase (1956 -1977 Figures 2a-2f) and the latest cold to warm phase (1984 Figures 2g-2l) . The forced anomalies in LENS are weak, homogeneous, and quasi-stationary in time, whereas the observed anomalies exhibit large spatial variations that are strikingly similar (but opposite in sign) during the two transitions toward the canonical AMV pattern (e.g., Knight et al., 2005) . During the initial stage of each transition, anomalies develop first in midlatitudes along the Gulf Stream Extension (GSE) with anomalies of opposite sign in the rest of the basin (Hodson et al., 2014) . A few years later, the GSE anomalies expand into the SPNA and into the subtropics along the eastern part of the basin, while anomalies of opposite sign in the Tropics and SPNA weaken. Eventually, the original GSE anomalies fill the basin with same-sign anomalies with particularly strong anomalies in the SPNA and eastern subtropics.
While this spatiotemporal evolution is absent in the LENS ensemble mean, the observed patterns are largely reproduced in piControl when the SST field is regressed onto the simulated AMV index (Figures 2m-2o) . The similarity between the observed NASST patterns and those derived from piControl strongly suggests that internal variability played an important role in the most recent AMV transitions. Conversely, the stark differences between the observed and LENS NASST anomalies during the latest transitions suggest that the pronounced warming since 1990 (which accounts for the high correlations between observed and simulated AMV) could be coincidental. That is, the externally forced, spatially homogeneous warming in LENS may simply coincide with an observed warming that is largely attributable to internal processes.
Large anomalies in the SPNA are considered to be a key signature of AMV because it is the region of maximum heat convergence associated with AMOC anomalies (J. Zhang & Zhang, 2015) . However, the spatial ( Figure 2 ) and temporal (Figure 1b ) correspondence between the observed and LENS SST anomalies in the SPNA appears to be rather low. Indeed, the correlations between observed and LENS ensemble mean SPNA SST (Figure 1b ) are very low (< 0.2) regardless of the time period considered ( Figure 1c , red line; also see Figure S2 and supporting information for a discussion of correlations in other regions of the North Atlantic). That is, the forced NASST in LENS does not reproduce a key component of the observed AMV.
The above results suggest a role for internal variability in recent AMV transitions, but they do not necessarily imply a more dominant role for ocean dynamics than intrinsic atmospheric variability (Clement et al., 2015) . Some previous studies have focused on surface turbulent heat fluxes (Q se ) for the telltale signature of ocean-driven NASST variations (Garuba et al., 2018; Gulev et al., 2013; O'Reilly et al., 2016; Wills et al., 2018; . On decadal-multidecadal timescales, heat is released to (taken from) the atmosphere through Q se when SST is anomalously warm (cold) due to heat convergence (divergence) by ocean dynamics. There is a strong anticorrelation between SST and Q se averaged over the NASST domain in observations ( Figure S3a ). In contrast, this anticorrelation is not found in the LENS ensemble mean ( Figure S3b) ; instead, the forced NASST in LENS, as expected, is highly correlated with the net surface radiation.
Another line of evidence supporting the role of ocean dynamics in AMV can be found in deep ocean hydrography. Polyakov et al. (2005) found a multidecadal variability in observations of both temperature and salinity in the deep North Atlantic that varies in opposition to the upper ocean fields. Similar multidecadal variability can be seen in EN4 in the deep (1-2 km) SPNA ( Figures S4a and S4d) , particularly during the second half of the 20C, with multidecadal variations of opposite sign in the upper SPNA slightly leading the deep ocean variations. Similar multidecadal variability in the deep ocean is also found in the Ishii et al. (2006) data ( Figure S5 ). The timing of multidecadal variability in the deep ocean is also reasonably reproduced in FOSI, although the amplitude is greater (Figures S4b and S4e) . It is known that the multidecadal fluctuations in the deep SPNA are related to changes in deep water formation in the Labrador Sea and its spreading associated with the lower limb of AMOC (Rhein et al., 2017; Robson et al., 2012) . In contrast, LENS does not exhibit such time-lagged multidecadal variability in the SPNA; the amplitude of deep ocean variability is weak, out of phase with observations, and appears to be roughly in phase with the upper ocean variability (Figures S4c and S4f) .
Figure 3 provides a summary of the distinct mechanisms at work in observations/FOSI and LENS, as reflected in decadal-averaged anomalies during the mature phases of the most recent cold (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) and warm (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) AMV epochs. The figure includes, for comparison, spatial patterns obtained from regression analysis of piControl. The Q se anomalies from OAFlux are positive (negative) into (out of) the ocean over the anomalously cold (warm) SST (Figures 3a and 3g) . In particular, the Q se anomaly patterns closely match the corresponding SST anomaly patterns. In contrast, the ensemble mean Q se anomalies from LENS are extremely weak and largely of the opposite sign to the observational Q se (Figures 3d and 3j) . The deep ocean temperature anomalies in the SPNA, averaged over 1200-1700 m (and averaged over the decade 4 years prior to the mature phase of AMV to account for the slight lag between the surface and deep ocean, cf. Figure S4 ) from FOSI are of the opposite sign to the SST anomalies (Figures 3b and 3h) . Consistent with NASST, the spatial patterns of the deep temperature anomalies are antisymmetric between the two AMV phases. Similar patterns of deep ocean salinity anomalies are also found in FOSI, and the deep ocean temperature and salinity signals simulated in FOSI appear reasonable compared to sparse observations at these depths ( Figure S6 ). The deep SPNA temperature and salinity anomalies in the LENS ensemble mean are not only very weak but also of the opposite sign to those in FOSI and EN4 (Figures 3e and 3k and S6). Associated with the warming (cooling) in the deep SPNA, there is a basin-wide weakening (strengthening) of AMOC simulated in FOSI 4 years before the mature phase of the AMV (Figures 3c and 3i) . These AMOC anomalies, in turn, are preceded by mixed layer depth anomalies in the Labrador Sea and hydrography anomalies in the western SPNA, suggesting that a mechanism involving large-scale thermohaline ocean dynamics is associated with the deep hydrography changes (Robson et al., 2012; . As expected from the weak anomalies in the deep SPNA, LENS does not show significant AMOC anomalies (Figures 3f and 3i) , and in fact, the forced AMOC in LENS exhibits a steady weakening over the late 20C while FOSI shows a strengthening .
The anomaly patterns from observations and FOSI are reasonably reproduced in the AMV regression from piControl (Figures 3m-3o ). When the (purely internal) AMV is in a mature warm phase, heat is released from the SPNA to the atmosphere by Q se , the deep SPNA is anomalously cold and fresh, and AMOC is anomalously strong a few years before the mature warm phase. The good correspondence between the AMV-related anomaly patterns diagnosed from piControl and those seen in observations and FOSI strongly suggest that a similar internal decadal variability mechanism was at work in nature.
Our last piece of evidence derives from DPLE. Figure 4a shows the NASST anomaly time series from the DPLE ensemble mean, averaged for lead years 3-7, in comparison with those from the LENS ensemble mean and observed NASST. DPLE reproduces the observed multidecadal NASST variability during the second half of the 20C much better than LENS despite the fact that both ensembles are forced with the same external forcings. The spatial distribution of the anomaly correlation coefficient (ACC) of DPLE relative to observations for the 1964-2005 period shows significant skill at predicting SST over much of the North Atlantic (Figure 4b) . The difference of ACC between DPLE and LENS (Figure 4c ) reveals significantly enhanced multiyear skill in DPLE over LENS with a pattern similar to that of AMV, suggesting that the realistic initialization is the key to the improved realization of the AMV in DPLE . The enhanced skill in reproducing the observed AMV in decadal predictions is generally believed to arise from the realistic initialization of the density and circulation anomalies in the SPNA associated with the ocean dynamics described above (Yeager & Robson, 2017) . Therefore, the results from DPLE offer further evidence that the amplitude and phase changes of AMV in the latter half of the 20C were strongly influenced by ocean dynamics.
Summary and Discussion
We provide in this study multiple lines of evidence from observations and climate model simulations that internal ocean dynamics likely played a significant role in driving the last cycle of AMV. While external forcings may have played a nontrivial role as a pacemaker (e.g., Swingedouw et al., 2015) , we argue that it is (Huang et al., 2017) for lead years 3-7. (c) ACC difference between DPLE and LENS. Stippling in (b) and (c) indicates scores that are significant at the 95% confidence level, assessed through a bootstrap method . NASST = North Atlantic sea surface temperature; DPLE = decadal prediction large ensemble; LENS = large ensemble.
incorrect to conclude that external forcings were the direct driver of multidecadal NASST variability during the second half of the 20C. Our argument is based on the following findings of this study:
1. The observed AMV is associated with a distinctive spatiotemporal evolution of NASST during its transition to the canonical AMV pattern that begins with enhanced anomalies along GSE. 2. The observed AMV appears to be accompanied by concomitant variability in surface heat flux, deep ocean hydrography, and AMOC that taken together, strongly suggest a key role for thermohaline ocean dynamics in AMV transitions. 3. (1) and (2) are not found in the externally forced variability of LENS but are realistically reproduced in piControl where only internal variability can generate these features. 4. Initializing with realistic subsurface ocean conditions in DPLE results in significantly improved reproduction of the timing, magnitude, and spatial structure of observed late 20C AMV signals.
While some of these results have been reported previously for select fields (e.g., Gulev et al., 2013; Hodson et al., 2014; Polyakov et al., 2005) , this study gathers together a body of observation-based evidence about relevant AMV processes and examines how they hold up in state-of-the-art CGCM simulations. As such, it complements earlier studies that have highlighted other observed fingerprints associated with AMV (R. Zhang, 2008; R. Zhang, 2017; R. Zhang et al., 2013) .
We have demonstrated that high correlations between the observed and externally forced simulated NASST, which have been presented as evidence for externally driven AMV in nature, arise to a large extent from concurrent warming in the late 20C. During the concurrent warming, however, the forced NASST response does not exhibit realistic spatiotemporal evolution (Figure 2 ), suggesting that the high correlations may be coincidental. This finding highlights that even if basin-averaged simulated SST correlates well with observations, one cannot assume that a realistic mechanism is at work.
Anthropogenic aerosols are believed to have a net cooling effect at the surface, although the magnitude of the forcing remains highly uncertain (Boucher et al., 2013) . Considering that anthropogenic aerosols emitted from North America and western Europe increased during the early to mid-20C and decreased after the 1970s (Smith et al., 2011) , while greenhouse gas concentrations increased steadily over the 20C, some influence of anthropogenic aerosols on AMV may be expected. Given sufficient temporal smoothing, it may appear that the forced basin-averaged NASST from historical coupled simulations captures the timing of the observed AMV. However, the high temporal correlation can lead to overly simplistic mechanistic interpretations. As shown in this study, the externally forced AMV in LENS not only shows a much weaker amplitude, but also the spatiotemporal evolution of NASST and related fields are highly inconsistent with available observations and observation-based reconstructions. There is also emerging evidence that aerosol effects are weaker than initially thought (Stevens, 2015 (Stevens, , 2017 . In particular, the second indirect, cloud lifetime effect of aerosols are likely overestimated in the current generation of coupled models (Sato et al., 2018) , including CESM (Malavelle et al., 2017) . If this is true, then the externally forced NASST signal in current climate models is likely an overestimation of that in nature. grant OCE-1243015. NCAR is a major facility sponsored by NSF under Cooperative Agreement 1852977. NSF and DOE's RGCM program support the CESM project. Computing resources were provided by CISL at NCAR, sponsored by NSF. The HadISST and EN4.2 data sets are available at https:// www.metoffice.gov.uk/hadobs. The Ishii et al. (2006) data set is available at https://rda.ucar.edu/datasets/ds285.3/ index.html. The OAFlux data set is available at http://oaflux.whoi.edu/data. html. The 20CRv2c data set is available at https://www.esrl.noaa.gov/psd/data/ gridded/data.20thC_ReanV2c. monolevel.mm.html. The CESM LENS, DPLE, and piCTRL outputs are available at https://www.earthsystemgrid.org. The FOSI outputs are available in the supporting information.
